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Since Priestly showed that oxygen and nitrogen unite 
throu^ the aid of the electric arc, the conversion of atmos- 
pheric nitrogen into nitrates has been studied in a theoretical 
and a practical way by many investigators. That the commercial 
world is interested in the arc process is not surprising espe- 
cially when one considers that the atmosphere contains the nec- 
essary raw materials, and that these raw materials will always 
be available. In spite of the fact that an enormous amount of 
work has been done on this subject, there still remain many 
possibilities in this field in an experimental and a theoreti- 
cal way. 

Theory 

The oxidation of the nitrogen of the air is an equilibrium 
problem, the reaction talcing place according to the following 
equation N2-+- OgSi 2N0 • Like all other reversible reactions the 
equilibrium is affected by temperature. There is very little 
union between nitrogen and oxygen at room temperature. At 
2400^( absolute) 1.116^ of an atmosDhere of these two gases 
unite to form nitric oxide. Muthmann and Hofer were among the 
first to determine the equilibrium in the above reaction, 
(ber., 1903, 36,438)* They found that the equilibrium constant 
Increased with the temperature, a result which agrees well with 
the theory. Later Nernst investigated the equilibrium of ni- 
tric oxide, (Zeitsch Elektrochem. ,1906, 12, 527) and found 
that the yield of nitric oxide increased vlth the temperature 
as shown in the following table. 
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Temp. Absolute Concentration of nitric oxide Investigator 
1811 .37 Nernst 

1877 .42 Jellinek 

2023 .52 Jellinek 

2033 .64 irernBt 

2195 .97 Nernst 

2580 2.05 ITernst 

2675 2.23 Nernst 

IJhile the absolute temiierature rises from 1811^ to 2675^, an 
increase of 864^, the concentration increases from .37 to 
2.23^. This is an increase of 500^. 

Nernst' s work a-opears to indicate that the percentage 
which does unite is a function of the temperature only. His 
work was done as follows. Dry air was passed through a wibAfl 
i^am vepsel which was shaped like a pipette. The vessel was 
maintained at a constant temperature by means of an electrical- 
ly heated furnace. The gases were led from the reaction cham- 
ber by means of a small cooled capillary. The cooled gas was 
then analyzed and the proportions of nitrogen, oxygen, and ni- 
tric oxide at equilibrium obtained. 43200 calories are requir- 
ed to form two moles of nitric oxide from the elements, then 
according to Vant Hoff • s principle, an increase in temperature 
will cause the formation of nitric oxide, that is assuming that 
the above reaction is a iDurely thennal one. 

It was thought at first that electrical action did not af- 
fect the yield of nitric oxide in the arc, and that the reac- 
tion was a thermal one. The arc was looked unon merely as a 
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source of high tenmeraturc. The results of Leblanc and Nuranen 
were in harmony Tdth this helief. They found that the oxida- 
tion of nitrogen in the arc obeyed the law of mass action* 
Later Grau and Rues -oerformed a series of exT^eriments, and they 
concluded that the law of mass action holds in this case. The 
early investigators believed that if electrical action entered 
in, then the yield ought to be different for direct and alter- 
nating current. Lee and Beyer (Zeitsch Elektrochem, 1907, 13, 
701) found that direct and alternating current under like con- 
ditions produced about equal yields. It has also been shown 
that frequency has very little influence on the reaction* 

For a time it was accepted thnt the action in the arc was 
brought about only by high teranerature. Among the first to 
•ooint out that t^^ere mi^t be an electrical influence, were 
Haber and Koenig. They called attention to the fact that ni- 
tric oxide is produced from its elements by the action of si- 
lent discharges at ordinary temperatures. The concentration of 
nitric oxide in thermal equilibrium at ordinary temperature is 
T)ractically zero. They believed that in the arc the thermal 
equilibrium offset the electrical equilibrium, due to the fact 
that the high temperature decomposed the excess nitric oxide 
■oroduced by the electrical action* Another argument in favor 
of the electrical theory is that Kaber and Koenig obtained con- 
centrations of nitric oxide which corres-oond to a temDerature 
of 4700^0. Although they did not know the temnerature of their 
arc, they thought that it was not above 3000^0 at the highest, 
and that it might not have been above the melting point of 
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platlnxim. Furthermore according to the thermal theory the re- 
sults with air and inverted air should "be the same, as the fol- 
lowing will show. K«-r-^?x or (N0)2= K(No) (Oo). The 
concentration of nitlric oxide should be the same when we have 
80^ nitrogen and 20^ oxygen or 80,"^ oxygen and 20^ nitrogen* It 
has "been found that the concentration of nitric oxide in the 
two cases differs "beyond the limits of experimental error. 
The electrical equilibrium can be explained by considering that 
under the potential p^radient betveen the electrodes, ions are 
formed by collisions and these ions lead to chemicial formations 
and decomnositions. 

Another theory which has been brought forward in nitrogen 
oxidation is that nitrogen or oxygen or both are activated in 
the arc. It has been suggested that ozone was formed and that 
in decomposing the atomic oxygen oxidized the tiitrogen. 

Since nitrogen and oxygen are united by means of the si- 
lent discharge, it is possible that the oxidation of nitrogen 
is a photochemical reaction. Under the influence of the silent 
discharge ajmnonia is decomposed into hydrogen and nitrogen. 
Nitrogen and watervapor unite to form ammonium nitrite, and a- 
cetylene is polymerized. The best known of these reactions is 
that of ozone* Warburg showed that the ozone formation was not 
due to electrolysis produced by the current. He obtained a 
yield of ozone which corresponded to one thousand times the 
quantity of electricity sent through. It has been shown that 
chemically active ultra-violet rays are produced by the silent 
discharge in the gas. Perhaps the action of nitrogen and oxy- 
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gen in the silent discharge resembles that of ozone. The pho- 
tochemical action might be catalytic like that of hydrogen and 

7 

chlorine. . 

There is no conclusive evidence that any one of these four 
theories is the correct one. It is hard to see how a thermody- 
namic calculation of the equilibrium in the arc means much. As 
said before concentrations of nitric oxide have been obtained 
in the arc ivhich corresponds to a temperature of 4700^0. In an 
alternating current arc the temperature undoubtly varies in all 
parts of the arc, so that a irean temperature means little. The 
problem of nitrogen fixation is one of rapid cooling no matter 
what theory is the correct one, because we have thermal decom- 
position. This can be brought about by removing the gases from 
the region of the arc as quickly as possible. The main differ- 
ence in all arc Drocesses consists chiefly in the means of pro- 
ducing the relative motion between the arc and air. 

The effect of temT>erature on the dissociation of nitric 
oxide is shown by the following table. ( Chem. Met. Eng. 22, 
299-306) • 

Temp. Absolute Dissociation ti-ne of nitric oxide to 

one-half value 
Seconds Hours 

800 557 

1000 39 . 7 

1200 10200 ' 2.8 3 

1400 730 .203 

1500 52.4 
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Temp. Absolut'e Dissociation time of nitric oxide to 

one-half value 
Seconds Hours 

1800 3.73 

2000 .266 

2200 .019 

2400 1360 mi ore- sec. 

2600 97.1 

2800 6.94 

3000 .493 

3200 .0353 

3400 2520 bicro-sec. 

3600 180 

3800 12.9 

4000 ..917 

4200 .0658 

At 1200^( absolute) 2.83 hours are required to decompose one- 
half of an atmosT3here of nitric oxide. This shows that at a 
temperature of 1200 (absolute) or lower the decomposition of 
nitric oxide is negligible. 

Previous Researches 

In T)ast researches along this line high rates of flow have 
been resorted to in an effort to increase the yield. One dif- 
ficulty has been the absorption of the oxides. Howies reported 
that a high rate of flow not only rendered the arc unsteady, 
but increased- the difficult of absorption. Other investiga- 
tors have said that the problem of absorption is a difficult 
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one. In the year 1914 R« Marcus patented a method of making 
pure silica gel ivhich was suitable for adsorption purposes. In 
the year 1919 W. A. Patrick patented a cheaper method of making 
silica gel. Patrick has shown that silica gel could be used to 
free air from such vapors as water, ether, alcohol, and sulphur 
dioxide. The adsorption of gases by silica gel is a reversible 
one, that is, it gives up its adsorbed material at a higher 
temperature. In order to ascertain whether or not the absort)- 
tion difficulty could be eliminated by means of silica gel and 
to study the influence of various factors, it was thought the 
following research might prove something of interest in the 
problem of fixation. An attempt was also made to verify some 
of the conflicting statements which appear in the literature on 
this subject. 

Description of Apparatus 
Two ten millimeter pyrex glass tubes twelve inches long 
were fused to a five centimeter pyrex tube as shown in the 
drawing. The electrodes were placed inside these two side 
arms. The connection bet^^'een the electrodes and the glass was 
made by means of rubber tubinfe, since the J^emperature was not 
very high at this DOint. This made it a simple matter to move 
the electrodes back and forth. The air was supplied from below 
by means of a five millimeter glass tube at right angles to the 
electrodes. The end of this glass tube was T)laced three milli- 
meters from the electrodes and this same glass tube was used 
throughout the research, so as to eliminate this variable. 
The air was Thurified by passing it first through two wash bot- 
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Explanation of Drawing 
A- Line 

B-Interrupter 
C** Choice ooil 
D. Silica gel U tube 
B-Glass wool tube 
F-Electrodes 
G- Trans former 
H-Meter 
J-Plow meter 
K-Plow regulator 
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ties of concentrated sulT5huric acid in order to remove a large 
part of the moisture and all of the oil which is always found 
in compressed air. The air was then led through two towers 
which contained -ootassiiun hydroxide sticks. The rate of flow 
was measured "by means of a flow meter. This consisted of a 
small glass nozzle, through which the air was forced, the rate 
of flow "being determined by the difference in the height of oil 
columns on each side of the nozzle. The flow meter was stand- 
ardized "by connecting it to a bottle out of irtiich water was si- 
phoned. The time required to fill a volumeteric flask was de- 
termined and at the same time the difference in the oil heights 
was noted t The time was plotted against the difference in 
heights and from the curve the rate of flow co r re s-n ending to 
any difference in height could be read off. 

The electrodes consisted of one eighth inch steel rods, 
which were slightly rounded at the ends. The distance between 
them was adjusted by means of a glass rod of known diameter. 
The electrodes were moved toward one another until the glass 
rod just passed between them. 

The watt-hour consumption was measured by means of an or- 
dinary service watt-hour meter. The revoultions of the disk 
for a definite period of time, say one, two, or three minutes, 
were observed, and knowing the watts per revolution and the 
length of time which the ex-neriment was allowed to run, the to- 
tal wattage could be calculated. The constant of the meter 

5 
used was — ratt -oer revolution, thus making it a fairly accu- 
24 

rate way of measuring the electrical energy. 
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The amount of energy delivered to the electrodes was regu- 
lated by means of a choke coil. This consisted of an iron core 
Thich 8liT)X)ed in and out of a coil of wire, thus increasing or 
decreasing the reactance* This was found to he a very 8atis«> 
factory method of regulating the wattage. The choke coil was 
placed ahead of the meter, so that the energy it used in the 
form of heat was not measured. 

The silica gel was T)laced in a ten inch U tube, one inch 
in diameter, and dried by placing it in a bath at about 175 C 
and -massing dry air through until it was onstant in weight. 
The heating was done in order to activate the gel as well as to 
dry it* The weighed U tube was connected to what might be 
called the arc chamber by means of Kotinsky cement% The air, 
before entering the silica gel tube, passed through glass wool 
so as to remove any electrode particles* Practically all of 
the nitrogen dioxide was absorbed by the first four inches of 
silica gel. This could be observed by the brown color. To . 
make sure that all of the oxides were absorbed by means of the 
gel, a second U tube wan connected to the first. The gain in 
weight of the second U tube was found to be negligible. This 
was confirmed still further by means of a sodiixm hydroxide wash 
bottle. Practically none of the sodium hydroxide was neutral- 
ized. 

In order to try an intermittent process an interraiDter was 
constructed as follows: four stiff flattened wires were ar- 
ranged around a wooden hub QO^a-oart. These were allowed to dip 
into mercury, and as the hub rotated the circuit was completed 
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and broken. The irtres were placed zigzag around the huh, so 
that a regular groove would not be made in the surface of the 
mercury "by the rapidly moving wires. Electrical connection was 
made with the rotating parts by wrapping wire tightly around 
the shaft on which the hub rotated. The hub made 125 revolu- 
tions per minute. This interrupted the arc 500 times per min- 
ute, although it looked practically continuous. 

In using the interrupter the air flow was such as to sweep 
the arced air from the electrodes while the arc was out, as the 
following calculation shows. One liter of air was passed 
through the five millimeter tube in one minute. The cross sec- 
tion of a five millimeter glass tube is (3.14)(2.5)^ or 19.63 
square millimeters. This is equal to .1963 square centimeters. 

Then a five millimeter tube ^-^2^2 or 5102 centimeters long has 

• 1963 

a volume of one liter. The the linear velocity of the gas 
through the arc is 5102 centimeters per minute. The arc was 

out — — of a minute. The gas moved 10.1 centimeters during 

500 
this interval of time. Since the thickness of the arc was be- 
tween two and three centimeters, all of the gas must have been 
removed from the region of the arc while the current was off. 
The interrupter was connected ahead of the meter so that 
the energy it used in arcing at the surface of the mercury ^ras 
not measured. On a practical basis a peirmanent interrupter 
could be constructed to work in an oil bath, thus eliminating 
any sparking and arcing. 

The amtjerage was determined by means of a hot wire ainmeter 
constructed as follows. A piece of German silver wire was run 
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through a fifteen millimeter glass tube twelve inchee long, A 
short piece of five millimeter glass tubing was fused to the 
side of the larger glass tube. This was connected by means of 
inibber tubing to a U tube which contained paraffin oil. The 
current in passing through the German silver wire caused it to 
become heated, thus causing the air to expand. The difference 
in the height of the oil in the two arms of the U tube was a 
measure of the current. This was standardized by means of a 
standard ammeter, storage batteries being used as a source of 
current, the amount being regulated by means of a resistance 
coil. 

Method of Procedure 
In starting an experiment the choke coil was set so that 
the watt-meter indicated the desired wattage with no air flow- 
ing* The current was allowed to run for a short period before 
the air was turned on in order to avoid any changing conditions. 
The air was then turned on until the flow meter indicated the 
desired rate of flow. It was found necessary to readjust the 
choke coil during the ex-oeriment in order to keep the wattage 
constant. One hour was found to be a convenient length of time 
in which to let the experiment run, as this caused the silica 
gel U tube to increase in weight by about one gram. At the end 
of an experiment the current was shut off, but the air was 
allowed to flow for a short Deriod in order to sweep all the 
oxides of nitrogen into the U tube. The U tube was then 
weighed* Since the number of v/atts used to produce a certain 
number of grama of nitrogen dioxide was known, it was a simple 
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matter to calculate the number of grams per kilowatt hour. 

Data 
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No. Volts AinD. Yield Electrodes Flow Remarks 

25 20^00 .2 17.4 Iron .95 Intermittent arc 

26 •• •• . 14.0 •• 1.00 * 

27 •• « 13.46 •• 1.00 •• 

28 " •• 13.40 •• 1.00 •• 

29 *• ••3.40 •• .9 5 Moist air 

30 •• •• 4.60 •• 1.20 •• 

31 •• •• 8.36 •• 1.00 •• 

32 " •• 8.86 " 1.00 Small condenser used 

Blue spark discharge 

33 •• •• 12.8 •• .95 •• 

34 •• ••8.12 " Fast •• 

35 •• " Low •• 1,00 Large condenser used 

Pat "bjue spark 
discharge 

36 •• •• Low •• Very slow •• 

37 •• 4.18 •• 1.00 Large condenser, white 

ST)ark discharge, high 
wattage 

38 •• .2 14.7 •• 1.00 m/hite arc, ozonized 

air used 

39 •• ••11.4 •• 1,00 " 

The small condenser consisted of a Leyden Jar. This was 
connected across the electrodes. The large condenser ras a glass 
T)late condenser. This gave a fat "blue s-oark when a moderate 
amount of wattage was sup-nlied, tout when the wattage was in- 
creased the spark turned a yellow color. When moirt cir was 
used the oxides were absorbed in a sodixim hydroxide wash bottle 
which contained glass beads. 
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DlBCUBBion of Results 

When carton electrodes were used the gain in weight of the 
silica gel U tube was considerable, but the gel was not co- 
lored brown as it was when the iron electrodes were used. This 
was undoubtly due to the fact that the silica gel absorbed 
large quahtitiesof carbon dioxide and carbon monoxide^ The 
current of air caused the electrodes to burn off very fast. 
Other investigators have found that carbon electrodes and a low 
voltage gave a small yields 

From the data it will be observed that the yield increases 
with the voltage. This indicates that the electrical action 
enters into the oxidation of nitrogen. The temperature of a 
20000 volt arc might be higher than that of a 100 volt arc, but 
the temperature increase cannot be as great as the increase in 
the yield indicates it to be if the reaction is a iDurely ther- 
mal one as the following will show. The 20000 volt yield is 
one thousand -oercent higher than the 100 volt yield. According 
to ITernst' s data, on page two, the five hundred percent in- 
crease in the concentration of nitric oxide is accom-Danied by a 
temperature increase of 864^. The increase would be still 
larger for a thousand percent increase in concentration. Prom 
the appearance of the arc and the temi^erature surrounding, it 
is hard to see how the temperature increase could even be 864^. 
If the temperature of the 100 volt arc is less than that of the 
20000 volt arc then the thermal decom-oosi tion is less. Since 
the yield of the 100 volt arc is less than that of the 1000 and 
20000 volt arc the formation of nitric oxide must have been 
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lesB provided a smaller amount has been decomposed. The in- 
crease in the yield can be explained by means of the electrical 
theory by assuming that the greater difference of potential be- 
tween the electrodes causes more ions to be formed, and that 
this increase in the number of ions causes the formation of 
more nitric oxide. 

When the condenser vran connected across the electrodes the 
yield was very low. This may be due to the fact that the ultra-- 
violet light causes the decomposition of nitric oxide as it 
does ozone. A sT)ark discharge without the condenser gives a 
yield which is below that of the arc. The amount of ultra-vio- 
let light in the spark discharge without the condenser is less 
than when the condenser is used. Since the amount of wattage 
in both cases is the same it appears that the ultra-violet 
light has something to do mth the difference in yields, al- 
though it is possible that the condenser increases the voltage, 
thus making another variable. The high wattage, indicated in 
experiment thi rty- seven , is 1.5 the ordinary wattage. 

Koist air gives a small yield. Other investigators have 
obtained the same results. This may be due to the fact thpt 
some of the energy is used to decompose the water and to raise 
the temperature of the water vapor to the temperature of the 
arc. HIHien moist air was used the arc had the same color as 
when dry air was used. 

The interruDted arc ^ave the same yield as the continuous 
arc. When the interru'oter was used the choke coil was set the 
same as it was when the continuous arc was used. In other 
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words, since the current was on half the time and off half the 
time, if the disk of the meter made six revolutions per minute 
iflien the continuous arc was used, then when the interru-pted arc 
was used it made only three revolutions uer minute. The grams 
of nitrogen dioxide T)roduced in a given time was one-half of 
what was -nroduced "by the continuous arc,>i:f the grams Der kilo- 
ratt hour was the same. Since the current was on only half the 
time, the average temperature of the arc was protably not as 
high as it was when the current was continuous. If this is 
the case, then the thermal decom-oosition is less. 

The rate of flow, between certain limits, exerts an influ- 
ence on the yield. The fast rate of flow on the data sheet 
means that the tate of flow is such that the arc is in danger 
of "being blown out. The low yield with a high rate of flow may 
be due to the fact that the arc is unsteady, or it may be that 
it is removed from the region of the arc before the electrical 
or thermal action can take -olace. 



Digitized by VnOOQ IC 



Digitized by 



Google 



Approved T/ounJ^A/^v^^<v^^ /Q /CXryvAJZXo^ . 



May 26, 1922, 



Digitized by 



Google 



Digitized by 



Google 



Digitized by 



Google 



Digitized by 



Google 



Digitized by VnOOQ IC 



Digitized by 



Google 



Digitized by VnOOQ IC 



Digitized by VnOOQ IC 



Digitized by 



Google 



Digitized by VnOOQ IC 



Digitized by 



Google 



Digitized by 



Google 



Digitized by 



Google 



Digitized by 



Google 



Digitized by VnOOQ IC 



Digitized by 



Google 



Digitized by VnOOQ IC 



/' 



Digitized by VnOOQ IC 



Digitized by 



Google 



Digitized by VnOOQ IC 



Digitized by 



Google 



Digitized by VnOOQ IC 



Digitized by 



Google 



Digitized by VnOOQ IC 



Digitized by 



Google 



Digitized by 



Google 



Digitized by 



Google 



Digitized by VnOOQ IC 



Digitized by VnOOQ IC 



Digitized by VnOOQ IC 



Digitized by 



Google 



Digitized by VnOOQ IC 



Digitized by VnOOQ IC 



Digitized by VnOOQ IC 



Digitized by 



Google 






i 



Digitized by VnOOQ IC 



Digitized by VnOOQ IC 



Digitized by 



Google 



Digitized by 



Google 



Digitized by VnOOQ IC 



Digitized by 



Google 



Digitized by VnOOQ IC 



Digitized by 



Google 



I 



> 



Digitized by VnOOQ IC 



Digitized by VnOOQ IC 



Digitized by VnOOQ IC 



Digitized by VnOOQ IC 




Digitized by VnOOQ IC 



Digitized by VnOOQ IC 



Digitized by 



Google 



Digitized by VnOOQ IC 



Digitized by 



Google 



Digitized by 



Google 



Digitized by VnOOQ IC 



Digitized by 



Google 



Digitized by VnOOQ IC 



Digitized by 



Google 



Digitized by VnOOQ IC 



Digitized by 



Google 



Digitized by VnOOQ IC 



Digitized by 



Google 



&<10fia2<1filifi2 




b89088298682a 



Digitized by 



Go< 



